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Homeodomain-leucine zipper (HD-Zip) proteins are putative transcrip- 
tion factors identified only in plants. The study of the DNA-binding 
properties of the ATHB-1 and -2 HD-Zip (HD-Zip-1 and -2) domains 
showed that they interact with DNA as homodimers and recognize two 
distinct 9 bp pseudopalindromic sequences, CAAT(A/T)ATTG (BS-1) 
and CAAT(G /QATTG (BS-2), respectively, as determined by selecting 
high-affinity binding sites from random-sequence DNA. Here, we report 
a mutational analysis of the HD-Zip-2 domain. We determined that con- 
served amino acid residues of helix 3, Val47 and Asn51, and Arg55 are 
essential for the DNA-binding activity of the HD-Zip-2 domain. We 
demonstrated that the preferential recognition of a G/C base-pair at the 
central position by the HD-Zip-2 domain is abolished either by the repla- 
cement of Arg55 with lysine or by the substitution of Glu46 and Thr56 
with the corresponding residues of the HD-Zip-1 domain (alanine and 
tryptophan, respectively). In contrast, substitution of Arg55 with lysine in 
the HD-Zip-1 domain significantly reduced DNA-binding activity with- 
out changing the specificity of recognition. Finally, we determined that 
differences in residues outside helix 3 further contribute to the DNA- 
binding specificity of the HD-Zip domain. Taken together, the data 
strongly suggest that the preferential recognition of BS-2 and -1 by the 
HD-Zip-2 and -1 domains, respectively, may be attributable to a distinct 
orientation of the side-chain of Arg55 in these two domains. 
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The homeodomain-leucine zipper (HD-Zip) fac- 
tors define a class of HD proteins that seems to be 
peculiar to plants (Ruberti et al, 1991; Mattsson 
et al, 1992; Schena & Davis,1992), On the basis of 
sequence homologies, HD-Zip factors have been 
grouped into four families, HD-ZIP I to IV (Sessa 
et al, 1994), and the complete alignment of the 
HD-Zip proteins identified so far has been pub- 
lished by Hoge and co-workers (Meijer et al, 1997). 

DNA-binding studies of ATHB-1 and -2, mem- 
bers of the Arabidopsis HD-ZIP I and II protein 
families, respectively, indicated that HD-Zip pro- 
teins interact with DNA recognition elements in a 
fundamentally different fashion from the classic 
HD proteins (Sessa et al, 1993). DNA-binding anal- 
ysis performed using random-sequence DNA tem- 
plates showed that the ATHB-1 HD-Zip (HD-Zip- 
1), but not the ATHB-1 HD alone, binds to DNA. 
The HD-Zip-1 domain recognizes a 9 bp pseudo- 
palindromic sequence (CAAT(A/T)ATTG, BS-1), 



as determined by selecting high-affinity binding 
sites from random-sequence DNA. Gel retardation 
assays performed using ATHB-1 derivatives , with 
different lengths proved that the HD-Zip-1 domain 
binds DNA as a dimer. Moreover, the analysis of 
the DNA-binding activity of ATHB-1 derivatives 
indicated that a correct spatial relationship 
between the HD and the Zip is essential for DNA 
binding. We obtained similar results with the 
ATHB-2 HD-Zip domain (HD-Zip-2), and deter- 
mined that it recognizes a distinct 9 bp pseudo- 
palindromic sequence (CAAT(G/C)ATTG, BS-2; 
Sessa et al, 1993). 

Comparison of the HD-Zip -DNA complexes 
with the Antennapedia (Otting et al, 1990), 
Engrailed (Kissinger et al, 1990) and MAToc2 
(Wolberger et al, 1991) HD-DNA complexes, and 
the GCN4 b-Zip-AP-1 complex (Ellenberger et al, 
1992), suggested that the angle between the recog- 
nition helix and the dimerization domain is larger 
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Table 1. Amino acid sequences of HD-Zip-2, -1, and substitution variants 
Peptide sequence 



HD-Zip-2 42- ARQVEVWFQNRRARTK -57 



HD-Zip-2 V47A 42- - - - - - A 57 

HD-Zip-2 Q50A ' 42 A 57 

HD-Zip-2 N51A 42 A 57 

HD-Zip-2 R55A 42 - A 57 

HD-Zip-2 R55K , 42 K 57 

HD-Zip-2 A42P 42- P 57 

HD-Zip-2 E46A 42 A 57 

HD-Zip-2 T56W 42 W - -57 

HD-Zip-2 A42P E46A 42- P A 57 

HD-Zip-2 A42P T56W 42- P W - -57 

HD-Zip-2 E46A T56W 42- - -- -A W 57 

HD-Zip-2 A42P E46A T56W 42- P A W - -57 

HD-Zip-1 42- P A W - -57 

HD-Zip-1 R55K 42- P A K W - -57 



The DNA fragments corresponding to the HD-Zip-2 and -1 domains were obtained as described (Sessa 
et al, 1993; Di Cristina et al, 1996). The DNA fragments coding for the substitution variants were 
obtained by PCR reactions as described by Sarker & Sommer (1990) and cloned into pGEM-4Z as 
described by Sessa et al (1993). In vitro transcription and translation was performed as described (Sessa 
et al, 1993). The amounts of in wfro-translated peptides were monitored by SDS-PAGE analysis as 
described by Sessa et al. (1993). Replacement of alanine at position 47, 50, 51 or 55 of the HD-Zip-2 
domain was obtained by PCR am plifica tion of the ATHB-2 cDNA (Carabelli et al, 1993) with ATHB-2 
V47A (AGACAAGTGGAAGCTTGGTTTCAG, nucleotides 1230 to 1253 of the ATHB-2 genomic sequence; 
the underlined triplet corresponds to the substitution), ATHB-2 Q50A (GAAGTTTGGTTTGCTAACA- 
GACGAGC, 1239 to 1264), ATHB-2 N51A (TGGTTTCAGGCTAGACGAGCA, 1245 to 1265), ATHB-2 
R55A (AGACGAGCAGCTACAAAGCT, 1257 to 1267/1356 to 1364), in combination with ATHB-2 B3D 
(Sessa et al, 1993), respectively. These PCR products were used as primers in combination with ATHB-2 
A5D (Sessa, et al, 1993) to generate the DNA fragments corresponding to HD-Zip-2 V47A, HD-Zip-2 
Q50A, HD-Zip-2 N51A and HD-Zip-2 R55A, respectively. Substitution of lysine at position 55 of the HD- 
Zip-2 domain was obtained by PCR reaction with primers ATHB-2 R55K (CAGACGAGCAAAAA- 
CAAAGCTG, 1256 to 1267/1356 to 1365) and ATHB-2 B3D; the PCR product was then used in combina- 
tion with ATHB-2 A5D. Replacement of proline at position 42, alanine at position 46, and tryptophan at 
position 56 of the HD-Zip-2 domain was obtained by PCR reactions with ATHB-2 A42P (AGGGTTAC- 
GACCAAGACAAGTG, 1217 to 1238), ATHB-2 E46A (AGACAAGTGGCTGTTTGGTTTC, 1230 to 1251), 
ATHB-2 T56W (CGAGCAAGATGGAAGCTGA, 1260 to 1267/1356 to 1366), in combination with ATHB- 
2 B3D, respectively. These PCR products were used as primers in combination with ATHB-2 A5D to gen- 
erate the DNA fragments corresponding to HD-Zip-2 A42P, HD-Zip-2 E46A and HD-Zip-2 T56W, respec- 
tively. To construct the double mutants, the DNA fragments corresponding to HD-Zip-2 E46A and HD- 
Zip-2 T56W were used as templates in PCR reactions with either ATHB-2 A42P or ATHB-2 E46A in com- 
bination with ATHB-2 B3D, respectively. These PCR products were used as primers in combination with 
ATHB-2 A5D. The fragment corresponding to HD-Zip-2 A42P E46A T56W was obtained by PCR amplifi- 
cation of the fragment corresponding to HD-Zip-2 E46A T56W with ATHB-2 A42P and ATHB-2 B3D; the 
PCR product was then used as a primer in combination with ATHB-2 A5D. Replacement of lysine at 
position 55 of the HD-Zip-1 domain was obtained by PCR amplification of the ATHB-1 cDNA (Ruberti 
et al, 1991) with ATHB-1 R55K (CGCCGAGCTAAGTGGAAAACA nucleotides 676 to 696 of the ATHB- 
1 cDNA) and ATHB-1 3D (Sessa et al, 1993). This PCR product was used as a primer in combination 
with ATHB-1 5D (Sessa et al, 1993) to generate the DNA fragment corresponding to HD-Zip-1 R55K. 



with respect to that observed in the GCN4-DNA 
complex (Sessa et al, 1993). By superimposing the 
recognition helices such that Asn51 of the HD-Zip 
domain and Ala239 of GCN4 are located in the 
same spatial orientation, we deduced the putative 
contacts in the HD-Zip-DNA complex (Sessa et al, 
1993). We proposed that conserved amino acid 
residues of helix 3 (Val47, Gln50 and Asn51) that 
make specific base contacts in HD-DNA com- 
plexes (Otting et al, 1990; Kissinger et al, 1990; 
Wolberger et al, 1991) make base contacts in the 



HD-Zip-DNA complex. Moreover, in analogy 
with the role of Arg243 in the GCN4 b-Zip-AP-1 
complex (Ellenberger et al, 1992), we suggested 
that Arg55 of one of the two HD-Zip monomers is 
responsible for recognition of the central position 
of the pseudopalindromic site in the HD-Zip- 
DNA complex; Arg55 of the other monomer may 
form hydrogen bonds to the phosphate backbone. 
It is worth mentioning that the asymmetric GCN4 
contacts at the center of the DNA-binding site have 
been observed only in the structure of the GCN4 
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Figure 1. Amino acid residues at conserved positions of the HD-Zip domain play a major role in DNA recognition, 
a, DNA-binding activities of HD-Zip-2 and its variants. Equal amounts of the indicated proteins in the short form (S) 
were assayed for binding to the BS-2 probe individually (lanes 2, 5, 7, 9 and 11) or in combination with the HD-Zip-2 
peptide in a longer form (HD-ZipL-2, lane 3; Di Cristina et al (1996); lanes 4, 6, 8, 10 and 12). Note that mixed-dimer 
formation is observed as an additional band (L/S) with intermediate mobility (lanes 4, 6, 8 and 12). The control (lack- 
ing added RNA) is shown in lane 1. Gel retardation assays were performed as described (Di Cristina et al, 1996). 
b and c, Quantification of DNA-binding activities of HD-Zip-2 variants expressed as relative binding, which refers to 
the DNA-binding activity of the HD-Zip-2 domain in the S 2 form in b and in the S/L form in c. Relative amounts of 
protein-DNA complexes were determined by using an Imaging densitometer GS-670 (Bio-Rad). 



b-Zip domain in complex with the pseudopalin- 
dromic AP-1 site. In contrast, the GCN4 contacts to 
the central nucleotides of the palindromic ATF/ 
CREB sequence are symmetric, with Arg243 of 
each subunit bridging between the central G of its 
half-site and a neighboring DNA phosphate group 
(Konig & Richmond, 1993; Keller et al, 1995). 

The hypothesis that Arg55 of one of the two 
HD-Zip monomers may form base contacts in the 
HD-Zip -DNA complex has been recently sup- 
ported by the finding that Argl24 (corresponding 
to Arg55 of the a 1 HD) of the al protein in the al/ 
<x2 homeodomain heterodimer-DNA complex is 
involved in base contacts (Li et.al, 1995). Arg55 of 
the al HD forms two hydrogen bonds with a gua- 
nine base, and donates an additional hydrogen 
bond to the thymine base that is base-paired with 
the adenine base that is contacted by the invariant 
Asn51 (Li et al, 1995). 

To evaluate the functional relevance of our pre- 
dictions, the DNA -protein interactions were inves- 
tigated by mutagenesis of the HD-Zip-2 domain. 
Val47, Gln50, Asn51 and Arg55 were substituted 
with alanine (Table 1). The presence of alanine at 
position 47, 51 or 55 prevents the HD-Zip-2 
domain from binding, whereas at position 50 it sig- 
nificantly reduces HD-Zip-2 DNA binding activity 
(Figure la and b). To further investigate the role 
of Val47, Asn51 and Arg55, we analyzed by gel 
retardation assay the formation of mixed dimers 
between a long derivative of ATHB-2 and a short 



one containing the mutation. The presence of 
alanine at either position 47 or 51 in only one of 
the two subunits strongly affected the ability of the 
HD-Zip-2 domain to bind to DNA, whereas the 
replacement of arginine with alanine at position 55 
of one of the two subunits affected DNA binding 
only slightly (Figure la and c). This is consistent 
with the involvement of Arg55 in the recognition 
of the central base-pair of the BS-2 pseudopalindro- 
mic site that should be alternatively recognized by 
one of the two subunits. 

The analysis of the DNA-binding properties of 
GCN4 showed that the peptide binds strongly to 
the asymmetric AP-1 site (ATGAGTCAT) and, 
also, with a reduced relative affinity, to a target 
variant with a central A/T pair (ATGAATCAT: 
Suckow et al, 1994). Thus, we analyzed the ability 
of the HD-Zip-2 domain to recognize a site in 
which the central base-pair was an A/T pair (BS- 
1). Gel retardation assays demonstrated that the 
HD-Zip-2 domain, although less efficiently, binds 
to BS-1 (Figure 2a). This suggested that Arg55 in 
the context of the HD-Zip-2 domain is also able to 
recognize an A/T base-pair at the central position. 
The preferential binding of the HD-Zip-2 domain 
to a G/C pair at the central position may be attrib- 
uted to the ability of the guanidinium group of 
Arg55 to establish two hydrogen bonds to 06/N7 
of the central guanine base, and only one to N7 of 
the adenine or to 04 of the thymine base. There- 
fore, the role of Arg55 in the HD-Zip-2 domain 
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Figure 2. DNA-binding specificity of the HD-Zip-2 and 
1 domains, a, DNA-binding activities of the HD-Zip-2 
and -1 peptides and their variants. Equal amounts of the 
indicated proteins were assayed for binding to BS-2 
(lanes 2, 4, 6 and 8) and BS-1 (lanes 3, 5, 7 and 9). The 
controls are shown in lanes 1 and 10. b, Quantification 
of DNA-binding activities of the peptides shown in a 
expressed as relative binding, which refers to the DNA- 
binding activity of the HD-Zip-2 domain. 
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Figure 3. Amino acid residues at positions 46 and 56 
influence DNA-binding specificity of the HD-Zip 
domain, a, DNA-binding activities of HD-Zip-2, its sub- 
stitution variants, and HD-Zip-1. Equal amounts of the 
indicated proteins were assayed for binding to BS-2 
(lanes 2, 4, 6, 8, 10, 12, 14, 16 and 18) and BS-1 (lanes 3, 
5, 7, 9, 11, 13, 15, 17 and 19). The controls are shown in 
lanes 1 and 20. b, Quantification of DNA-binding activi- 
ties of the peptides shown in a expressed as relative 
binding, which refers to the DNA-bindine activity of the 
HD-Zip-2 domain. 



was further investigated by substituting the argi- 
nine with lysine (Table 1), which could form only 
one hydrogen bond in either case. Consistently, the 
replacement of Arg55 with lysine in the HD-Zip-2 
domain had essentially no effect on the ability of 
the peptide to recognize an A/T base-pair at the 
central position, whereas it reduced the recognition 
of a G/C pair at the central position (Figure 2a). 
From these data (Figure 2b) we conclude that a 
G/C pair is recognized by the mutant HD-Zip-2 
domain essentially as the A/T pair. In the HD-Zip- 
1 domain the contact with either adenine or thy- 
mine at the central position, although energetically 
less favored, is preferred to that with a guanine 
base (Figure 2a and b), suggesting that the side- 
chain of the arginine residue at position 55 in this 
domain has a distinct spatial orientation. The sub- 
stitution of Arg55 with lysine (see Table 1) reduced 
DNA binding but did not change the specificity of 



the recognition (Figure 2a and b). It is likely that in 
the context of the HD-Zip-1 domain, the smaller 
side-chain of lysine is less effective than arginine in 
making a hydrogen bond with adenine or thymine 
and, to an even greater extent, with guanine. 

To support our hypothesis, we investigated 
whether amino acid residues of helix 3 of the 
HD-Zip-1 domain (amino acid residues 42 to 57' 
Ruberti et al, 1991; Sessa et al, 1993) are able to 
influence the preferential recognition of a G/C 
base-pair at the central position of the binding 
site by the HD-Zip-2 domain. To this end, we 
constructed a series of mutant HD-Zip-2 peptides. 
In particular, the amino acid residues present at 
positions 42, 46 and 56 in the HD-Zip-2 domain 
were replaced with those of the HD-Zip-1 
domain (Table 1). The analysis of the DNA-bind- 
ing specificity of the mutant peptides indicated 
that the substitution of Ala42 with proline has 
essentially no effect, whereas the replacement of 
Glu46 with alanine as well as Thr56 with trypto- 
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phan affects the ability of the HD-Zip-2 domain 
to distinguish between a G/C and an A/T base- 
pair at the central position (Figure 3a and b). The 
double mutant with alanine in position 46 and 
tryptophan in position 56 binds to the BS-1 site 
with a relative affinity comparable to that of the 
wild-type peptide, and with a significantly 
reduced affinity to the BS-2 site (Figure 3a and 
b). The triple mutant, which contains the entire 
helix 3 of the HD-Zip-1 domain, binds to the BS- 
2 and BS-1 sites with a relative affinity compar- 
able to that of the double mutant. From these 
data we conclude that the residues 46 and 56 of 
helix 3 affect the DNA-binding specificity of the 
HD-Zip domain. It is worth mentioning that the 
amino acid residues at positions 46 and 56 are 
Ala and Trp in all members of the Arabidopsis 
HD-ZIP I family, and Glu and Thr in all proteins 
of the Arabidopsis HD-ZIP II family, respectively 
(see Meijer el ai, 1997 and references therein). 

The analysis of the DNA-binding properties of 
HD-Zip-2, -1, and mutant HD-Zip-2 peptides 
(Figure 3) also suggested that differences in 
regions outside helix 3 may indirectly affect the 
DNA-binding specificity of the HD-Zip domain. 
In the attempt to identify some additional contri- 
bution to the DNA-binding specificity of the HD- 
Zip domain, we investigated whether the amino 
acid residues 58 to 67 of the HD-Zip-1 domain 
(corresponding to the residues of the fork region 
in the b-Zip domain, Ellenberger et ai, 1992) are 
able, in combination with helix 3 of the HD-Zip-1 
domain (amino acid residues 42 to 57), to affect 
the specificity of the HD-Zip-2 domain such that 
the recognition of an A/T base-pair at the central 
position of the binding site is preferred to that of 
a G/C pair. To this end, we constructed two 
mutant HD-Zip-2 peptides in which amino acid 
residues 42 to 61 or 42 to 67 were replaced with 
those of the HD-Zip-1 domain (peptides III and 

IV, respectively; Figure 4a), and compared the 
specificity of these mutant peptides with those of 
HD-Zip-2 (peptide I, Figure 4a), HD-Zip-1 (pep- 
tide VI, Figure 4a), and the chimeric HD-Zip-2 
peptide containing helix 3 of the HD-Zip-1 
domain (peptide II, Figure 4a). The peptides III 
and IV bind to both BS-2 and BS-1 sites with a 
relative affinity comparable to that of the peptide 
II (Figure 4b and c). This suggested that differ- 
ences in residues 1 to 41 of the HD-Zip domain 
may contribute to the DNA-binding specificity, 
probably affecting the docking of helix 3. in the 
major groove of the recognition site. Consistently, 
the replacement of helix 1 and helix 2 of peptide 
IV with those of the HD-Zip-1 domain (peptide 

V, Figure 4a) had essentially no effect on the abil- 
ity of the peptide to recognise an A/T base-pair, 
whereas it reduced the recognition of a G/C pair 
at the central position (Figure 4b and c). 

Taken together, the data strongly support our 
model of DNA binding by the HD-Zip proteins 
(Sessa et al, 1993). First, we found that in both HD- 
Zip-1 and -2 domains the arginine residue at pos- 



ition 55 is required for DNA binding. Second, we 
showed that the preferential recognition of a G/C 
base-pair versus an A/T pair at the central position 
by the HD-Zip-2 domain is abolished either by the 
replacement of Arg55 with lysine or by the substi- 
tution of Glu46 and Thr56 with the corresponding 
amino acid residues of the HD-Zip-1 domain. 
Third, we found that differences in residues out- 
side helix 3 contribute to the DNA-binding speci- 
ficity of the HD-Zip domain. The data strongly 
suggest that the preferential recognition of BS-2 
and -1 by the HD-Zip-2 and -1 domains, respect- 
ively, may be attributable to a distinct confor- 
mation of the Arg55 side-chain involved in base 
contacts at the center of the DNA-binding site in 
the HD-Zip-2 and HD-Zip-1 -DNA complexes. 
Finally, we proved that the amino acid residues at 
positions 47, 50 and 51 are essential for the DNA- 
binding activity of the HD-Zip domain, as 
observed for the homeodomain (for a review, see 
Gehring et al, 1994). Despite this, the HD-Zip 
domain is clearly different from the classic homeo- 
domain, which typically binds DNA as a mono- 
mer. In the homeodomain, helix 3 is precisely 
oriented and stabilized for binding in the major 
groove by its interactions with helices 1 and 2, and 
by binding of the HD arm in the adjacent minor 
groove (Gehring et al, 1994). The HD-Zip domain 
might have lost the ability to make base contacts in 
the minor groove of the DNA to prevent unfavor- 
able steric interactions between the two N-terminal 
arms, and as a consequence of this its overall 
DNA-binding energy might be too low to bind 
DNA in the monomeric form. Alternatively, it 
might be speculated that both the classic HD and 
the HD-Zip domain could have evolved from a 
primordial homeodomain with a modest affinity 
for DNA. Further DNA contacts formed with bases 
in the minor groove and complex formation with a 
second protein could have evolved as independent 
mechanisms to augment DNA-binding specificity 
and affinity of such a precursor. The mechanism of 
binding of the yeast al HD supports this view. It 
does not bind DNA detectably as a monomer; 
however, it forms a complex with a2, which binds 
DNA with high specificity and affinity. Further- 
more, the N-terminal arm of al, unlike that of the 
oc2 homeodomain, does not contact DNA in the 
al/a2 HD heterodimer-DNA complex (Li et al, 
1995). In this context, it is also worth mentioning 
the binding mechanism of the Skn-1 protein. Skn-1 
contains a basic region similar to those of b-Zip 
proteins but it lacks a leucine zipper dimerization 
domain. The Skn-1 basic region lies at the carboxyl 
terminus of an 85 residue domain that binds to a 
b-Zip half-site and also recognizes adjacent 5' 
A+T-rich sequences in the minor groove through 
an N-terminal arm related to those of HD proteins 
(Blackwell et al, 1994). Thus, evolution appears to 
have been capable of deriving different solutions to 
the problem of how to raise DNA binding affinity. 
The close linking of a leucine zipper to an FID 
might be an independent way that has evolved to 
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Figure 4. Amino acid residues outside helix 3 influence 
DNA-binding specificity of the HD-Zip domain, a, 
Representation of HD-Zip-2, -1 and chimeric peptides. 
The DNA fragments corresponding to HD-2 (1 _ 57) / 
z ip~ 2 (58-92) (I)/ HD-2 (1 _ 41) /HD-l (4 2_57)/Zip-2 (58 _ 92) (II), 
and HD-l (1 _ 57) /Zip-l (58 _ 97) (VI) were obtained as 
described for Table 1 (indicated as HD-Zip-2, HD-Zip-2 
A42P E46A T56W and HD-Zip-1, respectively). The 
DNA fragments coding for HD-2 (1 _ 41) /HD-1 (42 _ 57) / 
Zi p-l<58-6i)/Zip-2 

(62-92) 

(III), HD-2 (1 _ 41) /HD-1 (42 _ 57) / 
Zip-l ( 58-67)/Zip-2 (68 _ 92) (IV), and HD-l (1 . 57) /Zip-l (58 . 67) / 
Zip-2 (68 _ 92) (V) were obtained by PCR reactions as 
described by Horton et al (1989). To generate the DNA 
fragments corresponding to peptides III and IV we 
first generated a DNA fragment corresponding to 
HD-2 (1 _ 41) /HD-1 (42 _ 57) /Zip-1 (58 _ 97) . The fragment corre- 
sponding to HD-2 (1 _ 41) was obtained using the 
oligonucleotide ATHB-2 A5D (Di Cristina et al, 1996) 
in combination with ATHB-2 F3D (TGCCTTGG - 
TCGTAACCCTAATTGTTTAGCC, nucleotides 1199 to 
1220 of the ATHB-2 genomic sequence; the underlined 
sequence corresponds to nucleotides 646 to 653 of the 
ATHB-2 cDNA); the fragment corresponding to HD- 
l(42-57)/Zip-l (58 _ 97) was obtained using ATHB-1 A5D 



augment the DNA-binding specificity of a homeo 
domairi. 

It is intriguing that the evolution of the HD- 
Zip protein family occurred only in plants. Plant 
development is distinguished by its plasticity, 
which arises from a close coupling of develop- 
mental responses to environmental stimuli. Sev- 
eral pieces of evidence suggest that HD-Zip 
proteins may control developmental pathways 
peculiar to plants, such as growth responses to 
environmental signals (Carabelli et al, 1993, 1996; 
Schena et al, 1993; Baima et al, 1995; Soderman 
et al, 1996). In view of this fact, the ability of the 
HD-Zip proteins to bind DNA only in the 
dimeric form may confer specific advantages in 
regulating plant developmental processes. HD- 
Zip proteins might be turned into specific DNA- 
binding factors simply by promoting the for- 
mation of homodimeric complexes, and they 
might rapidly induce the changes in gene 
expression that underlie plant growth responses 
to distinct environmental stimuli. 



(AGGGTTACGA CCAAGGCAAGTGGCTGTC, 1217 to 
1226; 646 to 663) and ATHB-1 3D (Sessa et al, 1993). 
The primers ATHB-2 F3D and ATHB-1 A5D were 
designed so that the ends of the two PCR products con- 
tained complementary sequences. The PCR products 
were mixed and amplified to generate the recombinant 
fragment. The fragments corresponding to HD-2 (1 _ 41) / 
HD-l (42 _ 57) /Zip-l (58 _ 61) and HD-2 (1 _ 41) /HD-1 (42 _ 57) /Zip- 
1(58-67) were obtained by PCR amplification of the DNA 
corresponding to HD-2 (1 _ 4l) /HD4 (42 _ 57) /Zir>l (58 _ 97) 
with the oligonucleotide ATHB-2 A5D in combination 
with either ATHB-1 3III (CGCAGTCTACCTC AAGC- 
TGTTTTGTTTTCCA, 1375 to 1387; 688 to 705) or 
ATHB-1 3IV (GCATCTCCG GAGAAGATCGTAGTCT- 
£T, 1395 to 1403; 709 to 726) ; the fragments correspond- 
ing to the different portions of the ATHB-2 leucine zip- 
per (Zip-2 (62 _ 92) and Zip^^.^) were obtained using 
ATHB-2 5III (AAACAGCTT GAGGTAGACTGCGAGT- 
TC, 1375 to 1392; 697 to 705) or ATHB-2 5IV (ACG- 
ATCTTCTC CGGAGATGCTGCGAGAAT, 1395 to 1412; 
716 to 726) in combination with ATHB-2 B3D (Di Cris- 
tina et al, 1996). The primers ATHB-1 3III and ATHB-2 
5III, and ATHB-1 3IV and ATHB-2 5IV were designed 
so that the ends of the two PCR products contained 
complementary sequences. These PCR products were 
mixed and amplified to generate the recombinant frag- 
ments corresponding to peptides III and IV. The DNA 
fragment corresponding to HD-l (1 _ 57) /Zip-l (58 _ 67) was 
obtained by PCR amplification of the ATHB-1 cDNA 
with ATHB-1 5D (Sessa et al, 1993) and ATHB-1 3IV; 
the fragment corresponding to Zip-2 (68 _ 92) was obtained 
using the oligonucleotides ATHB-2 5IV and ATHB-2 
B3D. The two PCR products were mixed and amplified 
to generate the recombinant fragment corresponding to 
peptide V. b, DNA-binding activities of HD-Zip-2, -1 
and chimeric peptides. Equal amounts of the indicated 
proteins were assayed for binding to BS-2 (lanes 2, 4, 6, 
8, 10 and 12) and BS-1 (lanes 3, 5, 7, 9 and 11). The con- 
trols are shown in lanes 1 and 14. c, Quantification of 
DNA-binding activities of the peptides shown in b 
expressed as relative binding, which refers to the DNA- 
binding activity of the HD-Zip-2 domain. 
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